vowels, there are at least two different paralinguistic variables that affect the SPL of speech signals: vocal effort and the distance to a listener observing the exchange (observer distance).
The variable that the subjects of Ladefoged and McKinney were estimating under the label of "loudness" was probably the effort with which the syllables had been produced. An increase in vocal effort involves an increase in subglottal pressure, by which the SPL and loudness of a speech signal increases and normally also its pitch. In addition to phonation, the articulation of speech is also affected by an increase in vocal effort affect, which results in additional acoustic variables (Traunmüller and Eriksson, 2000) being affected. These have been shown to be important for the perception of vocal effort (Rundlöf, 1996; Traunmüller, 1997) . Among them, the increases in the emphasis of high frequency components, in fundamental frequency (F0), and in the frequency position of the first formant (F1) are especially important. As compared with intensity (or SPL), spectral balance (higher frequency emphasis) has also been shown to be a better correlate of linguistic stress (Sluijter, Shattuck-Hufnagel, Stevens, & van Heuven, 1995; Sluijter & van Heuven, 1996; Sluijter, van Heuven, & Pacilly, 1997 ).
The other paralinguistic or "extra-linguistic" variable is distance. SPL decreases with increasing distance from the speaker, and in a free field, increases in distance have no additional effects. It is this kind of variation, and not variation in vocal effort, that can be mimicked by manipulating the SPL of a speech signal. SPL is closely related to a psychoacoustic variable for which the term "loudness" is well established, but loudness can be equated neither with distance nor with vocal effort. A measure of vocal effort can be obtained by letting subjects rate the distance over which a speaker intends to communicate.
In the experiments reported here, subjects were to rate the communication distance between a speaker and the addressee and their own apparent distance from the speaker. From an Perception of vocal effort 5 experiment by Wilkens and Bartel (1977) , in which listeners had to restore the original SPL of recorded speech, it can be concluded that listeners are very accurate in distinguishing between these two types of variation in connected speech. The present experiments will show to what extent listeners are able to do this on the basis of single phonated and whispered vowels.
However, the present investigation has been designed also in order to see to what extent listeners are able to avoid interference from the intrinsic between-vowel variation in SPL in making distance judgements.
According to the Modulation Theory (Traunmüller, 1994 (Traunmüller, ,1998 , distance judgements are not based directly on the acoustic properties of the speech signal, but on those of an inferred carrier signal, which can be thought of as a neutral vowel whose properties are descriptive of the speaker's "voice". In order for this to succeed, and to avoid interference from between-vowel variation in SPL (intrinsic SPL), it must be possible to infer the properties of the carrier signal with sufficient accuracy.
In order for listeners to be able to distinguish between the two kinds of distance, there is the additional requirement that the properties of the carrier signal have to be affected in sufficiently different ways. Utterances consisting of a single phonated vowel appear to contain enough information, but whispered vowels lack an F0-cue and also a spectral emphasis cue, which makes them deficient in this respect. However, some interference between the intrinsic SPL of the vowels and the distance judgements is to be expected even when they are phonated, since the carrier signal is not very accurately specified in the absence of a certain segmental variation at a given paralinguistic quality.
Perception of vocal effort 6 Preparatory Experiment
The aim of the experiment was to obtain a set of vowel sounds to be used in subsequent perception experiments. For this purpose, phonated and whispered versions of the Swedish names of the letters i , ä , a , o , and y , were produced at several levels of vocal effort. This was controlled by varying the communication distance between speaker and addressee. Subsequently, their sound pressure levels were measured in order to get hold of the between-vowel variation in levels that is due to intrinsic factors. This was achieved by comparing the actual levels of the vowels with the average of all the vowels produced by a given speaker in a given mode (phonated or whispered) at a given distance.
Method

Speakers
The vowels were produced by two adult speakers, one female (US) and one male (MP). Both were teachers at the Department of Linguistics, Stockholm University.
Procedure
The vowel utterances and their variation in vocal effort was elicited by one of the experimenters asking the speakers from various distances for the name of a vowel letter he showed them (i, ä, a, o, y) . The order of the letters was randomized for each distance, with the exception of a final dummy (ö), and each letter appeared twice. The distances were 1.5, 6, and 24 meters for the phonated vowels, and 0.375, 1.5 and 6 meters for the whispered. Although each vowel was produced twice under each condition (speaker, mode, distance, and phoneme), only one representative was used in the following perception experiments. The selection was based on criteria aimed at avoiding tokens with anomalies, such as partial voicing of the voiceless vowels and the first of the vowels produced in a given condition was avoided.
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Results and Discussion
The average levels, in dB relative to an arbitrary reference, of the vowels per distance are listed in Tables 1 and 2 for the two speakers. These data include only those tokens that were used in the subsequent experiments, but the values are not very different from the averages obtained from all productions, reported previously by Eriksson and Traunmüller (1999) . For voiced speech, the male speaker used a markedly smaller dynamic range than the female speaker, 8.0 dB compared to 13.7 dB averaged over all vowels. This was mainly due to his relatively high SPL values at the shortest distance. In all other cases, the levels were lower in MP's vowels than in US's. However, these differences can not be ascribed to sex, since an investigation of the acoustic effects of variations in vocal effort (Traunmüller and Eriksson, 2000) had shown the levels in the speech of adult male and female speakers to be very similar at all communication distances between 0.3 and 187 m.
Insert Table 1 about here!   Insert Table 2 about here! In order to fully compensate for the acoustic effects of a free field increase in communication distance by a factor of 2, an increase in SPL by 6 dB would appear to be required. We can see that our speakers go only about halfway. However, as mentioned in the introduction, a natural increase in vocal effort involves increases not only in SPL, but also in higher frequency emphasis, pitch and F1 (Traunmüller and Eriksson, 2000) . Since all these variations increase the audibility of the speech signal, speakers do not need to increase their SPL so much.
In Table 3 , the mean SPL of each vowel (three tokens produced at different levels of vocal effort) is expressed in relation to the mean of the vowels of each speaker and mode of Perception of vocal effort 8 production. The table reveals substantial differences between the vowels and also between the two speakers.
Insert Table 3 about here! Between-vowel differences of the kind observed here are to be expected on the basis of the acoustic theory of speech production (Fant, 1960) . However, since no more than two speakers were used in the present experiments, these data do not allow to tell to what extent the observed differences can be ascribed to sex. For the purpose of the following perceptual experiments, it is neither necessary for our speakers to be ideal representatives of male and female speakers in general nor for the vowels to be ideal representatives of their respective category.
Experiment 1 Method
Stimuli
For the perception experiments, one representative of each vowel, at each distance, in each mode, and by each speaker was used. Additional stimuli were obtained by modifying the SPL of the phonated vowels by -6 and -12 dB and those of the whispered vowels by +6 and -6 dB.
This was done in order to simulate variation in the subjects' distance from the speaker. This resulted in a total of 180 different stimuli (2 speakers, 2 modes of production, 5 vowels, 3 levels of vocal effort, and 3 levels of presentation).
Perception of vocal effort 9 Listeners Twenty-four paid listeners served as subjects. All of them were students at the linguistics department of Stockholm University with Swedish as their first or at least their mostly used language. Except for one whose threshold of hearing was measured by standard audiometry and found normal, the subjects reported no known hearing disorder.
Procedure
There were two versions of the experiment. In the first version (Exp. 1a), twelve subjects were asked to estimate the distance over which the two participants in the exchange were communicating (communication distance). The subjects could only hear the speaker who pronounced the vowels. In the second version (Exp. 1b), another twelve subjects were asked to estimate their own apparent distance from the speaker (observer distance). This precluded the use of headphones, which tends to evoke the impression of the sound coming from inside the head.
In both versions, the stimuli were presented to listeners via a loudspeaker hung from the ceiling in one corner of an anechoic chamber. The subjects were seated in front of a computer in the opposite corner, 3.5 m away. Using a program designed for running perception experiments, each stimulus was presented once in an order that was separately randomized for each listener.
No feedback was given. Each run began with six stimuli presented for the subjects to acquaint themselves with the procedure. In order to gain some insight into the possible effects of differences in intrinsic SPL, variable (a) was split up into two parts: (a1) a basic part that can be assumed to reflect the speaker's vocal effort and was calculated as the average level of the vowels produced by a given speaker in a given mode at a given distance, and (a2) a supplementary part that reflects all betweenvowel variation for a given speaker, mode, and distance. The values chosen were those that resulted from the preparatory experiment (Tables 1 and 2) . Table 4 summarizes the results of regression analyses in which the 2-logarithm of the distance rating was taken as the dependent variable and a1, a2, and b as the independent variables. The analysis was performed separately for each speaker and mode of phonation. The values entered into the table show the perceptual effect of a 6-dB increase in the level of each independent variable. This is expressed in powers of 2. Thus, a value of +1.0 would mean that a 6-dB increase in SPL would cause the distance estimate in m to double.
Insert Table 4 about here
Discussion
If increased vocal effort were simply a matter of increased volume, an increase of 6 dB would be required to fully compensate for a doubling in communication distance. However, as mentioned in the Introduction, an increase in vocal effort is accompanied by changes in a variety of parameters which all contribute to an emphasis of the perceptually more important frequency components above the fundamental of the speech signal. Therefore, SPL does not need to be increased by a full 6 dB. In the experiments described in Traunmüller and Eriksson (2000) it was found that an increase of SPL for the voiced segments of an utterance by 4.6 dB was required in order for listeners to perceive a distance doubling. The value obtained in Exp.
1a with phonated vowels was larger, 6.6 dB (6/0.903).
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In a free field, a doubling in observer distance results in an SPL decrease by 6 dB. The results of Exp. 1b show that listeners require an attenuation of 8.2 dB (6/0.730) in order to double the estimate of their own distance from the speaker with phonated vowels.
These differences (6.6 vs. 4.6 and 8.2 vs. 6.0) may be explained by the considerable increase in difficulty of the task when judgements have to be based on only a minimal utterance, one isolated vowel. In this case there is a greater interference by the other two variables, intrinsic SPL and either vocal effort or sound level manipulation.
Ideally performing listeners would attach a high weight to "effort" in Exp. 1a (ideally > 1.0) and to "amplification" in Exp. 1b (ideally 1.0). They would attach a weight of 0.00 to "amplification" in Exp. 1a and to "effort" in Exp. 1b. The results obtained with phonated stimuli showed that the weight listeners attached to the interfering variables, amplification (in Exp. 1a) and effort (in Exp. 1b) was about a third of that attached to the target variable. The weight of intrinsic SPL was about half that of the target variable. With the whispered stimuli, performance was, as expected, less "ideal". The weight of the target variable was low and there was relatively more interference from amplification in Exp. 1a and from effort in Exp. 1b, but the interference from intrinsic SPL was weaker than that observed with the phonated vowels. It was especially low in Exp. 1b, in which the subjects attached about the same weight to the other interfering cue (effort) as to the target variable (amplification).
The contribution of the intrinsic cue was significantly different from 0 in three of the four partitions. We have to conclude that the listeners were not completely successful in compensating for the intrinsic level variations, but they compensated for the larger part of them.
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There were some differences between the two speakers not only in the acoustic data of their vowels, but also in the distance estimates by the listeners. These were significant only for the phonated vowels in Exp. 1a.
Experiment 2
The results obtained in Exp. 1 indicated that although listeners were able to distinguish between cues for vocal effort and their own apparent distance from the speaker (simulated as presentation level variation) there was considerable confusion between the two. In each of the two versions of experiment 1, only one of the questions (communication distance or observer distance) was asked. This may have caused the listeners to be insufficiently aware of the distinction even though they might in principle have been able to keep the two types of distances apart better than indicated by the results. The second experiment was constructed to throw some light on this question. Can the results be improved by simply making subjects more aware of the two dimensions involved? To this end the design was changed so that listeners had to judge both distances for each stimulus. This involves an increase in memory load that may be interesting in itself. Listeners have to keep their impression of the stimulus in memory while answering the first of the two questions, and they have to base the second answer on the picture of the stimulus in their memory. Therefore, the results may tell us something about how much detailed information about the stimuli is stored in memory. In order to explore these aspects, two versions of the experiment were constructed, one in which the vocal effort estimate was to be made first and one where the questions were presented in the reversed order.
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Method Stimuli
The stimuli were identical with those used in experiment 1.
Listeners
Forty paid listeners served as subjects. All of them were students at the linguistics department of Stockholm University with Swedish as their first or at least their mostly used language.
Procedure
The same stimuli that had been used in Exp. 1 were used in four versions of an additional perception experiment. Two versions contained only the stimuli produced by the female speaker and two others those of the male speaker. The method of stimulus presentation and response collection was the same as in Exp. 1.
The new experiment differed also from the previous one in that the subjects had to estimate the communication distance as well as their own apparent distance from the speaker for each presentation of a vowel. For each speaker, one group of ten listeners had to estimate the communication distance before their own distance from the speaker, and the remaining ten listeners had to estimate the distances in the opposite order.
The reason for dividing up, what could have been one set of stimuli containing both the male and the female stimuli, into two sets was to minimize the effects of fatigue on the part of the listeners. It was estimated that a high degree of concentration by the listeners was necessary to solve the task successfully and that the advantage of making listeners aware of the fact that two judgements were involved might be weakened or cancelled out by fatigue in a long and tiring session.
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The two lists of suggested distance values were the same as in the previous experiments.
Results
In the version using the male speaker with observer distance as the first question, the responses obtained from 3 subjects were excluded since they showed no significant positive correlation with the target variable. There were no exclusions in the three other versions.
The medians of the responses by the 10 subjects in each group were calculated for each stimulus after conversion of the distance estimates from meters to 2-logarithms. As in Exp. 1, these values were then compared with the 2-logarithms of the original sound pressure and the amplification.
If plotted in the same way as in Fig. 1 for Exp. 1, the results of Exp. 2 look very similar. We will, therefore, not present the results of this experiment in the form of a diagram. All the information that is essential for a comparison of the results obtained in the four versions of this experiment with those obtained in Exp. 1 can be found in Tables 5a and b, which are analogous   to Table 4 . They show the perceptual effect of a 6-dB increase in the level of each independent variable.
Insert Tables 5a and 5b about here It is also of interest to consider how much of the variance is explained by each one of the underlying variables taken one by one. This is shown in Figure 2 . The results from this experiment may be viewed from two different points of view 1) will subjects perform better when made aware that two different factors, communication distance and observer distance, are involved 2) will subjects perform better on the first question than the second where keeping the impression of the sound in memory is involved.
It may be observed that the performance was indeed somewhat better for the first question, both in terms of explained variance and in terms of the weight attached to the target variable. With the phonated vowels, the level increases necessary for a doubling of the communication distance estimate were 6.1 and 7.1 dB (to compare with 6.6 in Exp. 1 and 4.6 with sentences), and the corresponding values for a doubling of the observer distance estimate were 5.9 and 10.0 dB (to compare with 8.2 in Exp. 1 and 6.0 as a theoretical ideal).
Although the overall performance became worse, there was less interference in the responses to the second question compared to the first, in particular interference from intrinsic SPL. This can be seen in Table 5 and even more clearly in the r 2 -values shown in Figure 2 , which were negligibly small (<0.005) for intrinsic level in all four cases of second questions. A possible explanation for this observation will be offered in the general discussion.
General discussion
One of the questions that motivated this study was whether listeners are able to distinguish between two types of variation in speech, variation in vocal effort and variation in their own apparent distance from a speaker. The results in Exp. 1 showed that listeners are indeed able to Perception of vocal effort 17 do this. They also showed, however, that performance was far from perfect due to interference between the various factors involved. It was thought that one possible explanation for the interference effects was that listeners were insufficiently aware of the fact that two types of distances were involved. In the second experiment this was remedied by explicitly asking both questions, the expectation being that this would enhance performance, at least for the first question asked. As was shown above, this expectation was met.
Comparing the weights and r2-values obtained in the responses to the first question with those from the second question and with those from Exp. 1, we can see the following:
1) With phonated vowels, variation in vocal effort was interpreted mostly as a variation in the communication distance. To some extent, an increase in vocal effort was misinterpreted as a decrease in observer distance (in Exp. 1 and with the whispered vowels in Exp. 2 as well).
With the phonated vowels in Exp. 2, there was, however, a tendency for the subjects to mistake increased communication distance for an increased observer distance. This showed itself especially in the responses to the second question. We can only understand this as a secondary mistake, committed after correct perception. In whispered vowels, there appears to be no broad basis for such a mistake since the distinction between variation in vocal effort and in SPL alone is more difficult to make in the first place. When we consider the r 2 -values, we can see that the variation in vocal effort did not explain very much of the variation in the observer distance estimates, whether the vowels were phonated or not.
2) With phonated vowels, variation in presentation level was interpreted mainly as a variation in observer distance. However, in all conditions, an increase in SPL was to some extent misinterpreted as an increase in vocal effort. With whispered vowels, the listeners appear to have ascribed a variation in SPL to each of the two possible causes roughly to the same extent.
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3) With both phonated and whispered vowels, intrinsic variation in SPL interfered to a similar extent with judgments of effort and observer distance. This interference was distinctly less in the answers to the second question, as compared with those to the first and with the condition when only one question was asked.
This may be understood within the framework of the Modulation Theory (Traunmüller, 1994) .
According to Modulation Theory, listeners have to demodulate the acoustic signal in order to separate the linguistic, expressive, organic, and perspectival information in speech signals. In the present experiment, we were primarily concerned with the perception of the expressive and perspectival qualities of vowels, while linguistic (between-vowel) and organic (betweenspeaker) variation merely was a source of interference. Listeners are assumed to base their judgements on a demodulated carrier signal that represents the speaker's voice irrespective of the particular speech sounds that were actually present.
When the listeners answered the first question in Exp. 2, they can still be assumed to have had access to a more detailed acoustic memory of the stimulus, which provides for interference, by the intrinsic between-vowel variation in SPL. When they answered the second question, most of this detailed information appears to have been lost from their memory. Thereby, the amount of interference due to intrinsic between-vowel variation was reduced substantially, although the overall performance became slightly worse. 
